Ilhis paper deals with a numerical analysis of the heat transfer behavior in gasketed plate heat exchangers with an odd number of parallel arranged channels (case of half-unsymmetrical channels). The calculations are carried out under varying the number of transfer units, the heat capacity rate ratios and the number of channels for both cuses of co-current and countercurrent flow regimes.
INTRODUCTION
The gasketed plate heat exchanger consists of corrugated metal plates, which have four ports, one in each corner. The embossing of the plates results in a narrower flow passage and in many changes of section and direction. Generally, this performs three functions. It increases the effective heat transfer surface. It gives rigidity and strength by providing a multiplicity of support points against collapse of the channels by high pressures on the opposite side of the boundary plates. Finally, it promotes turbulence which reduces the fluid film resistance to heat transfer. The plates are sealed at their outer edges by gaskets to prevent leakage to the surrounding atmosphere. Fluid flow into the channels is controlled by the presence or absence of gaskets around the ports. These gaskets are arranged so that the heating and cooling media are directed alternately into the passages formed between the plates. Typical average gaps between the plates are 2 to 5 mm. A plate thickness of only 0.7 mm is now capable of handling pressure up to 16 bar.
Besides the common field of applications of plate heat exchangers in the industry, for example in chemical and food industry, they are nowadays widely used in nuclear power plants, steam power stations, solar energy units, air conditioning plants, heat pumps, industrial heat recovery, utilization of geothermal gradient, petroleum industry, ship building, machine industry, textile industry, paper and cellulose industry, soap and washing powder industry as well as production of sulphuric acid. These multiple fields of applications indicate the importance of plate heat exchangers for the future. The reasons for the widening popularity of plate heat exchangers are in their greater compactness and accessibility of heat transfer surfaces as compared with those of conventional shell and tube heat exchangers. Plate units can also be easily assembled and reassembled in any size or arrangement of passes.
The characteristics, design and applications of gasketed plate heat exchangers have been described fkther in a number of papers [l -281. The heat transfer and flow behavior as well as the methods of improving their effectiveness have only been handled in the past few years and described in a number of papers [29- Theoretical studies about flow distribution and pressure drop in the Uand Z -.
type arrangements plate heat exchangers are carried out by the author of the present paper [59, 60] . Investigations concerning the heat transfer analysis in the channels of plate heat exchangers involving the effect of the two insulated boundary plates are presented by the author in Ref.
[6l] for the case of four channels and in Ref [62] for the case of five channels. The problem of h a t transfer in a single pass plate heat exchanger with an even number of channels, which have two types of unsymmetry namely, working media and heat transfer unsymmetries, is studied also by the author [63, 64] .
Theoretical and experimental investigations about pressure drop and heat transfer in spiral plate heat exchangers, which has similar end effects due to the unsymmetrical heat transfer in the inner and outer channels are published elsewhere [65-691. The aim of such heat exchangers in the different industrial processes is to verifjr a high effectiveness. For this purpose, the ideal case of pure countercurrent flow heat exchanger should be reached as near as possible. Some factors in the technical field of applications prevent the achievement of the ideal case. Such factors which has a bad effect on the effectiveness are coming about the heat transfer and working media unsyrnrnetries. The heat transfer unsymmetry, which occurs because the fluid in the boundary channels exchanges heat with one side only while all internal substreams are in heat transfer with two sides, exists in all plate heat exchangers either with even or with odd number of parallel channels. The working media unsymmetry, which takes place when the first and the last channel has different heat capacity rates, is to be found only in plate heat exchangers with even number of parallel channels. Therefore, there are two types of unsymmetry in plate heat exchangers with even number of parallel channels (this case will be mentioned as complete unsymmetrical case) while only one type of unsymmetry exists in plate heat exchangers with odd number of parallel channels (this case will be called as half-unsymmetrical case).
The problem of heat transfer in a five channel plate heat exchanger could be treated analytically [62] . For greater odd number of channels the calculations must be numerically extended because the number of coupled differential equations describing the temperature distribution in the channels is equal to the number of channels. The results for a five channels plate heat exchanger showed that reversed heat transfer may take place in a part of the two middle thermal plates in the case of co-current flow regime. Moreover, the correction factor of the logarithmic mean temperature difference varies between 1 and 0.5 depending on the total number of transfer units and the heat capacity rate ratio. It decreases always with the increase of NTU, to approach limiting values between 0.75 and 0.9 for counter-current flow regimes and values between 0.5 and 0.75 for cocurrent flow regimes as NTCIt approaches rn .
The aim of the present paper is to investigate the heat transfer behavior in plate heat exchangers with an odd number of parallel channels more than five channels, which is applied actually in the industry to achieve a sufficient heat transfer area. The analysis will be carried out under varying the number of channels, the number of transfer units and the heat capacity rate ratio. Moreover, to compare the present work with some available results for heat transfer in plate heat exchangers having an even number of parallel arranged channels [64] .
THEORETICAL ANALYSIS

Governing equations
The low capacity rate medium is assumed to flow through the odd-numbered channels, while the high capacity rate medium is allowed to flow through the even-numbered channels. An energy balance on a fluid element, as shown in Fig.1 , is performed to obtain the differential equations describing the temperature distribution in the channels. Considering Fig. la , the energy balance yields the following equation: The two subscripts in the term NTU refer to the two streams for calculating the overall heat transfer coefficient U , while the second subscript alone concerns the stream number for computing NTU . For a plate heat exchanger of a single pass and odd parallel number of channels having uniform flow distribution in the channels, the system of differential equations governing the temperature distribution in the channels can be given using eqns. (4) and (5) as follows:
where, z = NTU, z* and which has positive, zero or negative values for a single phase with co-current flow, change of phase (evaporation 1 condensation) or a single phase with counter-current flow respectively.
Boundary Conditions
The boundary conditions associated with eqn. (6) 
Heat Exchanger Effectiveness
In order to determine the effectiveness of the heat exchanger based, for example, on the low heat capacity rate medium (hot side), the mean outlet temperature of these channels should be calculated using the following expression:
The computation of the effectiveness is now possible by applying the relation -
Correction Factor
As a result of the end effect, unsymmetrical heat transfer between the channels will be obtained. Therefore, a correction factor F must be calculated and applied to the logarithmic mean temperature difference in the equation of convective heat flow to have the correct mean fluid temperature. This factor is defined as
or in another form
According to [61] , the correction factor can be given as a finction ofthe effectiveness and the number of transfer units. These relations may be written for the cases of parallel and counter flow respectively as follows:
For odd number of channels, we have
In eqns. (9) and (10),C, takes positive values for parallel (co-current) flow, while it takes negative values for counter-current flow.
NUMERICAL TREATMENT
Equations (6) are a system of coupled ordinary differential equations of the first order with constant coefficients. The method of exponential bction [70] is applied to solve these equations. For this purpose, the general solution for n channels is substituted in the system of differential equations, where a, are the coefficients of the exponential function, h, are the eigenvalues, n is the total number of channels, and k is the run number of the channel considered. The eigenvalues A, of the coefficient matrix A*, where -1
are determined by solving the characteristic equation
I A * -~~I~= o
numerically using Jacobian iteration method, where I is the unit matrix. In order to obtain the general solution, the coefficients of the exponential hnctions a,, in eqn. (13) must be determined. From the linear algebraic system of equations ...
where, B, = -, 4, the coefficient ratios B, , can be obtained numerically by applying Gaussian elimination method. The substitution of the boundary conditions in eqn. (13) supplies also a system of linear algebraic equations in the n unknowns a,, from which, the coefficients a,, can be ascertained.
For achieving this purpose, a computer program is written to solve the differential equations (6) for determining the temperature distribution in the channels of the considered type of plate heat exchanger, the effectiveness and the LMTD-correction factor.
Case of infinite capacity rates (G = 0 ) 1) Odd number of channels
When C, = C = 0, the solution of eqn. (6), associated with the boundary conditions that .......... ... The preceding relation holds only for odd number of channels with C, = 0 and n ) 3 because when n = 3, F = 1 (case of complete symmetry). The limit value of F is calculated from eqn. (23) to be
2) Even number of channels
In a similar way, as derived above, the effectiveness of a plate heat exchanger having an even number of channels can be given directly as follows:
n The solution of the foregoing equation in NTU, results in After inserting eqn. (26) into eqn. (9) , the relation connectec ith both n and E for plate units with even number i f channels can be put in the following form:
The previous equation holds only for even number of channels with C, = 0 and n ) 2 because when n = 2 , F = 1 (case of complete symmetry). The limit value of F is obtained from eqn. (27) to be
The limit value of the correction factor
The limit values of the correction factor F, for even number of channels in case of counter-current flow regime, as presented in ref. [64] , are independent of the total heat capacity rate ratio and is given by This result coincides exactly with that obtained by eqn (28) for C, = 0 .
In case of odd number of channels, the limit values of F depend on Cf . For C, = 0 , these limit values can be determined from eqn. (24) . In order to obtain siilar relationships between F, and n for Ct # 0 , the effectiveness of the plate heat exchanger must be determined as a function of NTU . The analytical results for n = 5 and the numerical analysis for higher number of channels indicate that the effectiveness for any number of channels can be put in the following form:
where A, , A, , ..... , A, are the eigenvalues and h, is always equal to zero. A,, A,, A,, . .... , Am are constants which are independent from NTU . The constant A, is given by
The relation between the correction factor and the effectiveness in the case of co-current flow regime can be written as follows:
where, I-= 1-(I+c,) E . ... Through dividing the numerator and the denominator on erlm , where h, is the negative smallest eignvalue, the limit value of F can be recasted in the following form:
Once more, in case of Cf = 0 , when we return back to the analytical solution represented by 0, =03 =05 = ........... = = 6, = e-' , we find that A, = -1 when C, = 0. Through substituting these values in eqn. (38) , it will be reduced to the same form given by eqn. (24) . For Ct # 0 and higher values of n (n ) 5 ), h, should be predicted numerically.
A similar derivation for the case of counter-flow leads to the same expression, which holds for all values of C, except C, = -1.
As a check for the validity of eqn. (38) , F, can be calculated in the case of five channels for different values of Ct and then the results can be compared with those of the analytical solution [62] . For example: when n = 5 and for cocurrent flow withe, = 1, fmm the numerical calculations A, = K , = -1.333333.
By substituting h, in eqn. (38) one obtains F, = 0.5. This result agrees accurately with that calculated from the analytical solution Another verification: for n = 5 and C, = -0.75, the numerical solution gives A, = K , = -0.292893 . The substitution in eqn. (38) yields F, = 0.878679, which also agrees very well with the analytical prediction given by eqn. (39) .
Equation (38) will be undefined for C, = -1, therefore the limit values of F are determined numerically for different values of n . The results are presented in Table 1 Table 1 : Numerical results for F in case of odd number of channels and Ct = -1 A relationship between F, and n can be developed from these values to be
RESULTS AND DISCUSSION
Case of Five Parallel Channels
The computer program is used first of all to obtain numerical results for the case of a five channel plate heat exchanger in order to examine the validity and the accuracy of this program through comparing the numerical results with those of the analytical treatment [62] at different values of C, and NIZJ, . An exact agreement between the numerical and the analytical results is found, as shown in Fig. 2 for the heat exchanger effectiveness and in Fig. 3 for the correction factor of the logarithmic mean temperature difference. This means that the computer program can give accurate results for plate heat exchangers with higher number of parallel-arranged channels. Figure 4 represents the temperature distribution in both the heated and the cooled seven channels for counter-flow regime with C, = -1 and NTU, = 5 , while Fig. 5 shows the same distribution but for NTU, = 10. andNi''G = 10.
Case of Seven Parallel Channels
It can be expected that the temperature curves for higher values of NTU, come more and more close to each other and consequently no heat transfer may occur over a considerable part of the thermal plate between channels 2 and 3 as well as between channels 5 and 6. The LMTDcorrection factor is indicated against the heat exchanger effectiveness in Fig. 6 with the total heat capacity rate ratio as a parameter. The correction factor falls down with the increase of the effectiveness slowly for counter-flow and rapidly for parallel flow. It reaches a 6 2 value offor C' = -1 and a value offor C, = 0 , while it goes steeply down 
Case of Nine Parallel Channek
The calculated temperature profiles in a nine channel plate heat exchanger for a case of counter-current flow regime with C, = -I are given in Fig. 9 for NTU, = 5 and in Fig. 10 for NTU, = 10 . Vanishing heat transfer may be also obtained in parts of the thermal plates. This behavior is to be expected at high values of the number of transfer units. The predicted correction factor is represented against E by Fig. 11 and against NTUt by Fig. 12 , while the heat exchanger effectiveness is given as a fbnction ofNTUf in Fig. 13 for both cases of co-current and counter-current flow regimes with diierent values of Ct . NTU, Fig.12 : Variation of correction factor with NTUt, for n = 9. NTU, Fig. 13 : Variation of effectiveness with NTU, , for n = 9.
5
It is easy to see that F in the case of counter-flow lies between 1 andfor 6 5 C, = -1 and between 1 andfor Ct = 0, while it reaches much lower values 8 for co-current flow.
Case of Eleven Parallel Channels
The computed correction factors are given against E in Fig. 14 and against NTU, in Fig. 15 , while the variation of E as a function of NTU, is shown in Fig. 16 . The curves show similar behavior as already mentioned in the discussion of seven and nine channels. Fig. 14: Correction factor as a function Fig. 15 : Variation of correction factor of effectiveness for n = 1 1. with NTCI,, for n = 11. The correction factor for eleven channels approaches in the limiting case 
Cases of Thirteen and Fzjteen Parallel Channels
Similarly for higher odd number of channels, the numerical results for the correction factor as a function of E and NTU, are given by Fig. 17 and Fig. 18 respectively in case of thirteen parallel arranged channels and by Fig. 19 and Fig.  20 respectively in case of fifteen parallel channels at different values of C, . The variation of the heat exchanger effectiveness with both NTU, and C, is also represented in Fig. 21 for thirteen channels and in Fig. 22 for fifteen channels as well. The results indicate the same trends as in the previous cases but the correction factor falls with e , NTU, and C, to reach in the limiting case a 2 1 7 value offor C, = -1 andfor C, = 0 , while it falls down steeply to 26 12 approach very low values in case of co-current flow regimes. Fig. 19 : Correction factor as a function of effectiveness for n = 1 5. 
Comparison between units of odd and even ntamber of channels
The correction factor as a function of the number of channels for both cases of odd and even number of channels, at different values ofthe heat exchanger effectiveness and for counter-flow of equal capacity rates (C, = -1) is represented in Fig. 23 . It is clear that the correction factor equals unity for two as well as three channels, which realize the conditions of complete symmetry for both heat transfer and working media. The figures indicates also that the correction factor falls with increasing the number of channels until it reaches a minimum value at a certain n depending on the heat exchanger effectiveness then it increases to reach one once more when the number of channels approaches oo, where the effect of the two boundary channels vanishes. Figures 24 and 25 illustrate the same representation but for C, = 1 (case of parallel flow) and C, = 0 (case of evaporation or condensation) respectively. Fig.26 : Variation of correction factor with the number of channels with the number of channels for Ct = 0.
at the limit case.
It can be seen from the figures that the correction factor, or in other words, the rate of heat ,transfer in case of odd number of channels is more than that in case of even number of channels for plate heat exchangers having the same effectiveness in both cases of co-current and counter-current flow regimes. This is returning to the fact that in case of odd number of channels exists only one type of unsymrnetry namely the heat transfer unsymmetry, while both heat transfer and working media types of unsyrnmetry take place in units with even number of parallel channels.
In case of evaporation or condensation processes in plate heat exchangers, we have the other way round. The rate of heat transfer in units with even number of channels is greater than those of odd number of channels except at the limit case E = 1 . This is because, in case of even number of channels, one of the boundary channels will have an infinite capacity rate (i.e. constant fluid temperature) therefore, this side has no end effect. On the contrary, the two boundary channels of a plate heat exchanger with odd number of channels and Ct = 0 will have finite capacity rates therefore, both will have an end effect and make the heat flow lower. In the limit case (E = 1 ), the correction factor will be equal to the ratio of the number of streams on the low capacity rate side to the number of the thermal plates in the whole unit. For the same number of streams (for example, three streams for n = 5 and 6), the number of thermal plates for odd number is less than that of even number of channels (4 plates for n = 5 and 5 plates for n = 6), so we have F,, ) F, , , . One can also conclude from the figure that in the limit case for units undergoing evaporation or condensation, the correction factor when n = 2m is equal to that when n = (4m -1) , with m = l,2,3,4, ... . Furthermore, on comparing the numerical results with the analytical predictions given by eqn. (24) for odd number of channels and eqn.(28) for even number of channels one can find an exact agreement between them.
In addition of the foregoing results at C, = 0, a comparison for the effect of varying the total heat capacity rate ratio on the correction factor as a function of the number of channels at the limit case (NTU, = c r~ ) for both cases of odd and even number of channels is shown in Fig. 26 . It is noticeable that a plate heat exchanger unit with odd number of channels gives more heat transfer than a unit with even number of channels for all values of Ct when NTU, approaches oo , i.e. when the unit effectiveness reaches its limit value.
CONCLUSIONS
The following conclusions may be extracted fkom this work: 1) The possibility of the absence of heat flow over a considerable part of the internal thermal plates comes in questions. This behavior is to be expected only at high values of NTUr .
2) The correction factor equals unity in plate heat exchanger units with two as well as three channels, which achieve the conditions of complete symmetry.
3) High rates of heat flow can be realized in plate heat exchangers in case of counter-current flow regimes specially with equal capacity rates, at low number of transfer units and with high odd number of channels, thereby the end effect tends to disappear. 4) On the contrary, very low rates of heat transfer may be obtained in plate units in case of co-current flow regimes specially with equal capacity rates, at high number of transfer units and with low even number of channels, in which the two insulated boundary channels have their worst effect on heat transfer.
5)
The correction factor decreases with increasing the number of channels in the plate heat exchanger until it reaches a minimum value at a certain n depending on E , C, and the art of n (odd or even) then it increases to approach unity once again. 6) The rate of heat transfer in plate heat exchanger having odd number of channels is higher than that of units with even nomber of channels under all operating conditions except in case of evaporation or condensation we have the other way round. This means any excess plate would change the performance of the plate heat exchanger obviously. 7) In the limit case, the correction factor approaches the following values: n F, = for even number of channels with counter-flow or C, = 0 . 2(n -1) ' n + l F, = for odd number of channels and C , = 0.
2(n -1) '
( n + l )
, for odd number of channels and C, = -1. " 4 n F = -As ( n + 0 for odd number of channels and all values of C,
"
(1 + c,) 2(n -1) ' except C, = -1 we apply the third equation. When C, = 0, then As = -1 and therefore, the fourth equation will be reduced to the second equation once again. 8) For plate units undergoing evaporation or condensation (C, = 0 ) in the limit case, the rate of heat flow when n = 2m is equal to that when n = (4m -1) , with m = 1,2,3,4 ,.... . 
NOMENCLATURE
